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Introduction
Along with the development of high-rise buildings and long span structures, designers and researchers pay more and more attention to structure's progressive collapse caused by the extreme loading such as blast, impact and earthquake action. Based on the investigation of the collapse mechanism due to the terrorist attack, various design guidance has been proposed in many countries. The main mitigating method in these design guidance is suggested to provide redundant alternative path for force transfer [1], while some other approaches are proposed to utilize the catenary actions [2] [3] [4] . However, the resistance to the progressive collapse of frame structure is not clear. The way to utilize the catenary action is still needed to be studied experimentally and numerically.
Some researchers [5] [6] [7] performed non-linear finite element modeling for frame structures and investigated their capacities under the event of progressive collapse.
Simplified methods was also proposed to strengthen the structure and mitigate the development of progressive collapse [8] [9] .
In the idealized situations of progressive collapse, the effect of the sudden removal of a column is similar to the instantaneous application of gravity loads to the floor system. In such a case, connections within the removed column zone could be subjected to significant bending moment as well as tensile force. Gradually, the force mechanism changes into pure tension, which is so-called catenary actions. This is a resisting mechanism, which allows the beam to carry vertical loads at large displacements even if
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3 the ultimate bending state has been reached in the critical sections. In catenary action, elements (e.g., beams and slabs) that are intended to support flexural loadings undergo large deformation and have sufficiently stiff and strong anchorages to take on load as tension members [10] . Kim et al [10] applied non-linear static and dynamic analysis method to study the advantage of catenary action in resisting progressive collapse of framed buildings. It was found that in the development of the catenary action, the bending moment of the connection reduced, while axial force arise gradually with the vertical displacement increasing.
Many experimental studies and finite element simulations have been performed on the catenary effect [11] [12] [13] [14] [15] [16] . Liu et al [11, 12] studied the behaviour of the catenary action in the beam after the loss of the column. It was concluded that the catenary action can reduce the bending moment of the beam and effectively resist the progressive collapse of the structure. He et al [13] carried out experimental studies on concrete frame to investigate the catenary effect. Testing results stated that the arch action and the catenary action were formed consecutively. It is also pointed out that the maximum deformation capacity and tensile capacity are two key factors in resisting the progressive collapse. Sadek et al [14] also investigated the performance of steel and reinforced concrete beam-column connection under monotonic vertical displacement of a center column through an experimental and computational assessment. Huo et al [15] performed impact testing on the hot-rolled H-shaped beam with restrains at its two ends.
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The development of the internal force and the catenary action during the impact testing were deeply studied. Recently, Li et al [16] examined the catenary behaviour of welded unreinforced flange bolted web connections under static pushing-down column displacement by means of full-scale testing and numerical simulation. The bolted connections have shown robust in withstanding large deformations whilst the resistance mechanism transitioned to a catenary action phase.
It can be noted from the above literature review that catenary action plays an important role in resisting the progressive collapse of the frame. However, most of the research concentrated on the performance of catenary action under static loading conditions.
There is also a clear need for experimental investigation to examine the structure's dynamic behaviour and characterize the mechanism of catenary action. Therefore, this paper deals with the dynamic behaviour and catenary action of axially restrained steel beam under impact loadings through a combination of experimental and numerical investigations. It describes and discusses the results of six impact tests on the axially restrained welded H-beams by means of the drop hammer test machine. The main behavioural patterns and the key response characteristics including the development of impact force, deformation and strain, as well as failure modes are examined, with emphasis on the effect of the width to thickness ratio of beam flange and impact energy.
Finite element models are developed and validated against the available testing data.
Moreover, the mechanism of catenary action was identified based on the development
of the internal force in the welded H-beams.
Experimental programme

Testing set-up and specimen details
Six impact tests on the axially restrained welded H-beams were carried out by means of the drop hammer test machine at the Center for Integrated Protection Research of Engineering Structures (CIPRES ) in Hunan University. The testing set-up is depicted in Fig. 1 , where a drop hammer impact force was applied at the mid-span of the steel beam, and the beam ends were simplified. The drop hammer test equipment was designed with a maximum drop weight of 980 kg and a maximum drop height of 16 m. The hammer with certain weight was released at a given height, and fell down along the guide rails to impact on the middle section of the steel beams. Meanwhile, a high-frequency data acquisition system was used to record the testing response, including the impact force, beam deflections and strains at a 5 mHz sampling rate. Fig. 2 shows the location for the strain gauges. Nine strain gauges were arranged in the flange and the web of the testing beam. Moreover, a high-speed video camera was employed to capture the beam deformation from the lateral side within a frequency of 1000 times per second.
In accordance to GB50017-2003, Code for Design of Steel Structures [17] , the impact zone in the steel beam was strengthened by a 10mm thick plate on the upper flange and 8mm thick web stiffeners at the mid-span, as described in Fig. 2 , and the ends of the
beam were also stiffened with side plates to avoid the local buckling and fracture. Since the main investigation in this paper focuses on the effect of width to thickness ratio of the beam flange as well as the impact energy on the progressive collapse resistance of the beam, six testing specimens with different b f /t f ratios at different impact loadings were designed followed by the requirement in the code for Design of Steel Structures [17] . The designing details were demonstrated in Huo et al. [15] . The details of the specimens are summarized in Table 1 , where HW in the reference stands for welded H shape section, followed by the width to thickness ratio, the weight of the hammer (where the number '4' '5' '7' stands for 450 kg, 575 kg and 700 kg, respectively), as well Table 1, other four impact tests on the hot-rolled H-beams completed by the authors [15] were also drawn into this paper as comparative data, but the details were presented in Huo et al. [15] . In the reference of these four beams, HR stands for hot-rolled H shape section, other items are taken similar to that of welded H-beams.
Furthermore, the corresponding testing results are presented in Table 1 , where the impact energy E 1 is obtained from the equation Mv 2 /2, while E 2 is the energy dissipated by the beams, which can be evaluated by the area below the impact force versus displacement curves. In order to discover the effect of width to thickness ratio on the The beams were all made of Grade Q235 steel. The material properties for the beam flange and web components as obtained from coupon tests are presented in Table 2 . 
Testing results and observations
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Deformation mode
Fig . 3 shows the deformation patterns observed for the six testing specimens. It can be observed from Table 1 and Fig. 3 that larger deformation took place when the increasing impact energy was employed. Moreover, due to the higher width to thickness ratio, the local deformation for the welded section is larger than that of the hot-rolled section as described in Huo et al. [15] . 
Time history of impact force and displacement
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The time history curves of impact force as well as the mid-span displacement for six welded H-beams are depicted in Fig. 7 and Fig of the former was evaluated higher than the latter when considering the effect of width to thickness ratio. It is also stated that the resistance to the impact loadings of the welded H-beam can be improved with the decreasing width to thickness ratio. But the larger beam flange width led to the relatively obviously local buckling deformation, as depicted in Fig. 3 . Correspondingly, the mechanism of catenary action was developed more difficultly for the welded H-section beams with larger width to thickness ratio, in comparison with that for the hot-rolled H-section examined by Huo et al. [15] .
Impact force-rotation relationship
The impact force-rotation relationships for six testing beams are shown in Fig. 9 , where the beam rotation φ is obtained from the mid-span displacement δ by means of the equation φ=2δ/l (l is the span of the testing beam). Similar to the time history of impact force, the impact force-rotation curves can also be featured as an initial fluctuation and a platform before the rebound of the hammer. In the initial stage, one prompt wave can be observed, but the slope of the descending segment was much less than that of the ascending one. It is indicated that the large rotation occurred on the beam after the peak point. It is also found that in the initial stage the total rotation of the beams with the same section size increased with the higher employed impact energy. In the second stage, the rotation continued to develop. After some relatively gentle fluctuations, the curve came into a plateau. As viewed in Fig. 9 , the impact force and the rotation of the beam then started to rebound due to the leave of the hammer from the beam surface. Based on the strain values (Gauges S1, S2, S3 and S5) in the mid-section of the beam, the developed moment M and axial force N was integrated through the condition of internal force equivalence. Eventually, the relationship of the moment and axial force at the mid-span section to the rotation for all specimens was obtained as depicted in Fig. 
Analysis of internal force
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14 18 in the comparison with the numerical results, which will be further described and discussed in Section 4. Moreover, as the impact force remained plateau in the stable stage, a quasi-static impact force, F u,c , was derived from Equation
corresponding to the plateau impact force F u,e . It is found that herein the predicted concentrated load, F u,c , was determined without considering the dynamic loading effect,
i.e. the strain-rate effect.
In a whole, the yield load F p , the impact plateau force F u,e and the predicted concentrated load F u,c are clearly stated in above discussion, and summarized in Table 1 .
Evidently, the amplification factor DAF 1 , F u,c /F p depicted in Table 1 , indicates the effect of the catenary action on the load-carrying capacity of the axially restrained steel beams.
It is shown from the amplification factor DAF 1 that the load-carrying capacities was increased by an average of 18% for the welded H-steel beams and 30% for the hot-rolled H-steel beams due to the effect of the catenary action. The amplification factor DAF 2 , F u,e /F u,c , considers the effect of the dynamic load on the load-carrying capacity of the axially restrained steel beams. The beam load-carrying capacities was increased by an average of 34% for the welded H-steel beams and 40% for the hot-rolled H-steel beams due to dynamic effect and strain hardening. The amplification factor DAF 3 , F u,e /F p , is the ratio of the impact loads and the plastic loads based on bending mechanism. In comparison with the static flexural resistance, the anti-impact loads was increased by an average of 60% and 71% for the welded and hot-rolled H-steel beams, respectively. Furthermore, it is clear that the impact resistance of steel
beams was obviously deteriorated with the increase of the ratio of flange width to thickness. It can be attributed to the premature local buckling of beam flange.
Numerical assessment
This section describes a detailed finite element model for welded H-beam under impact, as assessing their behaviour based on experimental investigations is a cost-prohibitive and time-consuming task. The proposed continuum finite element models were developed by means of the commercial FE software ABAQUS [20] . The model characteristics are described below. These models are then validated against the experimental results and observations presented above. Particular emphasis is given in the discussion presented below to aspects related to the development of the inner forces and the energy dissipation.
Finite element modelling
Modelling details
A three-dimensional finite element was developed herein for six impact tests on the axially restrained welded H-beams, as depicted in Fig. 12 . The impacted beam as well as the hammer were conducted by means of different elements. It has been pointed out in Reference [21] that beam element cannot accurately simulate the detailed response of the structures, such as the lateral torsional buckling, local buckling, yielding point and
shear stress caused by the blast and fire, and the numerical models with beam elements led to the overestimated resistance of the beam subjected to the impact loading.
Therefore, the proposed models in this paper make use of the eight-node brick solid elements of Type C3D8R available in the ABAQUS library [20] to represent the impacted beam and the drop hammer, as shown in Fig. 12 . In order to simplify the FE model and improve the convergence, the length of the beam was set as 2500 mm (the distance between hole centers of the tested beam), and the ends of the beam model were strengthened with endplates but without the holes, as shown in Fig.12 . Meanwhile, the translational displacement of both beam end sections was constrained, but the rotation was free. A number of mesh sensitivity studies were also carried out in order to arrive at an optimum representation, which involves a comparatively finer mesh for mid-span beam part in contact with the drop hammer and the hammer, whereas a relatively coarser mesh was employed elsewhere.
In addition, as no tearing displacement was observed around the welds during the impact test, welds between the beam flanges and webs as well as those between the beam and stiffeners were modeled by tying together providing an all-freedom coupling of the contact surfaces. Importantly, the contact between the hammer and beam surface was considered by means of explicit ABAQUS contact definitions, named as 'General contact', where a 'hard' surface contact was defined in the normal direction, while a 'friction' surface was employed in the tangential direction with a friction coefficient of
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17 0.2 according to the corresponding research on the dynamic friction factors [22] . The boundary conditions and loading procedure adopted in the numerical analyses replicated those used in the experimental studies described in previous sections. The impact energy was achieved through the application of impact velocity on the hammer with mass definition at the moment that the hammer contact the beam surface.
Material property
The static stress-strain relationships for all the beam components were defined by a bilinear plastic hardening rule with an elastic modulus of 1.80×10 7 MPa and a poison's ratio of 0.3, as illustrated in Fig. 13 . Table 2 provides the static mechanical properties of the beam flange and beam web. However, the true stress and strain in material model were converted from the engineering stress and strain in Table 2 based on Eq. 1 and Eq.
2, respectively. As described in Section 2, the specimens herein suffered from high impact loadings, the strain rate effect was also taken into account in these models.
ABAQUS library [20] offers two constitutive models to consider the strain rate effect, 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
     (1) ) 1 ( ln true true     (2) q D / 1 0 0 1              (3)
Validation of FE models
The developed FE model above was employed to simulate the tests from the experimental programme described in Section 2. The comparisons of deformation patterns observed in experimental and numerical models are described for selected specimens in Fig. 14 . It is shown that the deformations and plastic mechanisms are replicated by the proposed FE model. Moreover, the experimental and numerical impact force-time relationships as well as impact force-rotation curves are presented in Figs. 15-16, respectively. As demonstrated in Fig. 15 , the peak impact force and plateau force, as well as impact period match reasonably well the experimental behaviour for all specimens. In the case of Specimens HW11-56, HW11-58, HW14-58 and HW14-77, minor discrepancies arise in the fluctuant descending segment after the peak point. In
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19 this stage, contact between impact hammer and the beam was complex, which led to the difference for FE model to capture. Furthermore, close correlation is also observed in the impact force-rotation curves from experimental and numerical models as shown in Having gained confidence in the reliability of the detailed FE model, this is used in subsequent sections to investigate the development of the internal force and dissipated energy in comparison with the corresponding testing results, as depicted in Fig. 17 and Fig. 18 , respectively. The development of internal force simulated by FE models will be described and discussed in details in Section 4.
In order to investigate the energy dissipation under the impact loading, the dissipated energy obtained from experiment and FE models was evaluated by calculating the area of impact force-rotation curves shown in Fig. 16 multiplied by half length of the beam.
It can be seen from Fig. 17 that the dissipation ratio for all specimens is around 80%～ 90%. It is also observed from the comparison between experimental and FE results that reasonable estimates were obtained in all cases. The slight differences can be attributed to the idealized simulation of the friction between the hammer and the dropping rail as well as the boundary conditions of the beam supports.
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Discussion of Catenary action
The main behavioural patterns and the key response characteristics including the development of impact force, deformation and strain, as well as failure modes were examined above through experimental and numerical investigation. This section further describes and discusses the development of internal force as well as catenary action for all the specimens. M and N were integrated by the derived stress corresponding to the testing strain in the mid-span section (including S1, S3, S5 and S2 as summarized in Fig.10 ), while numerical M and N were then adopted directly from the FE models.
It is evident from the experimental M-N curves in Fig. 18 that the beam axial force developed gradually after the beam yield due to the bending force. This can be further confirmed from the strain distribution of mid-span section at the rotation of 0.056 rad and 0.063 rad for Specimen HW11-56, and 0.078 rad and 0.095 rad for Specimen HW11-58 in Fig. 10 , where the tension strain located at most of the mid-span section but with development of a little compression strain. As expected, the axial force may increase into its plastic value with the decreasing of the moment. To this end, the
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21 internal force of the beam sections may be developed mostly from the axial force, which is known as catenary action. Due to the limited impact energy, the developed axial force of all specimens were lower than its plastic capacity as shown in Fig. 18 , but the maximum rotation of the beam specimens was nearly close to 0.1 rad. It is shown that the welded H-beam was strong enough to develop catenary action. Furthermore, it is found that the development tendency of catenary action for the welded H-beams was consistent with the conclusion in other similar researches [5, 10] .
The interaction trend obtained from numerical simulations was similar to the testing results. The axial force developed gradually in the beam. This can be also confirmed from the FE deformation modes with stress nephogram in Fig. 19 , as further discussed below. Fig.19 depicts the distribution of Von Misses stress for Specimen HW11-56 at four significant stages. Herein, Specimen HW11-56 is taken as a typical example for a more detailed discussion on the development of catenary action. It is evidently observed from the identification of the key deformation stages that the development of catenary action was happening in the welded H-beam. At the impact instant, the maximum impact force was achieved as discussed from the testing results. Moreover, it is observed from the Von Misses stress distribution in Fig. 19(a) that the compression stress developed in the mid-span beam due to the inverted arch effect under suddenly applied impact load. It is demonstrated that a negative moment generated around the middle part of the welded
beam in the sudden impact, as the large impact forces were mainly undertook by the inertia of the structure before the forces reached the beam supports. Saatci and Vecchio
[29] also performed an experimental programme on the reinforced concrete beam under impact loads, and the same conclusion was drawn that negative bending moment formed at the initial stage of impact response through experimental observation and theoretical analysis. After the peak impact force, the beam rebounded and worked normally like a static structure. Initially, the beam deformation remained elastic as shown in Fig. 19(b) . Afterwards, a fluctuant descending impact force took place, but the beam bending moment grew rapidly in order to resist the impact energy. It is also stated from the deformation patterns and stress distribution in the mid-span beam in Fig. 19(c) that the plasticity occurred at this stage. When the impact force tended to be stable, the beam moment also kept unchanged. However, the tension force then raised gradually in the specimen. It can be clearly shown from Fig. 19(d) and (e) that the beam deformation shape was gradually close to catenary line, and the tension stress took over most of the beam middle sections. It is stated that the catenary mechanism took place at the welded H-beam.
Based on the testing and numerical result, it can be concluded that the internal force of beam changed from pure bending into combination of bending and axial force during the impact procedure. This development of the catenary action was clearly described and discussed in terms of both impact tests and FE models.
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Conclusion
The dynamic behaviour and catenary action of axially restrained steel beam under impact loadings have been examined by means of experimental and numerical studies.
An experimental program comprising six impact tests on the axially restrained welded H-beams has been described in details. The main behavioural patterns and the key response characteristics including the development of impact force, deformation and strain, as well as failure modes are examined.
It was shown that higher impact energy resulted in more obvious local buckling deformation, especially for the welded H-beams with larger width to thickness ratio.
Importantly, it was noted that the influence of impact energy on the peak impact force and the development of the impact force can be negligible, but the larger impact energy results in higher impact duration. When the effect of width to thickness ratio was taken into account, beam deflection was proportionally related to the corresponding normalized impact energy. The increasing ratio of flange width to thickness remarkably deteriorated the impact resistance of steel beams. Moreover, it is shown that the beam load-carrying capacity was significantly improved when considering the effect of catenary action and dynamic effect.
Nonlinear finite element models have been also developed and calibrated against the experimental results. In general, the numerical estimations were found to correlate well with experimental results in beam deformation patterns as well as the development of
impact force. It is demonstrated that the detailed FE model can capture the response of the welded H-beams under impact loadings.
Furthermore, the mechanism of catenary action was also identified based on the development of the internal force for the welded H-beams through a combination of experimental and numerical investigation. It is shown that the development tendency of catenary action for the welded H-beams was consistent with the conclusion in other similar researches.
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